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Abstract – One of the main distinctive features of multiphase 
machines is the appearance of new degrees of freedom (𝒙-𝒚 
voltages/currents) that do not exist in their three-phase 
counterparts. As a direct consequence, control approaches that 
apply a single switching state during the sampling period 
cannot achieve zero average 𝒙-𝒚 voltage production. In direct 
torque control (DTC) this implies that 𝒙-𝒚 currents are not 
regulated, whereas in finite-control-set model predictive 
control (FCS-MPC) an enhanced 𝒙-𝒚 current regulation is 
feasible only at the expense of disturbing the flux/torque 
production. Aiming to avoid these shortcomings, this work 
makes use of the concept of synthetic/virtual voltage vectors 
(VVs) to nullify/limit the 𝒙-𝒚 voltage production in order to 
improve the current regulation in the secondary planes. Two 
strategies using two and four virtual voltage vectors (2-VV and 
4-VV, respectively) are proposed and compared with the 
standard case that applies a single switching state. Since 
standard MPC has the capability to indirectly regulate 𝒙-𝒚 
currents, the improvements with the inclusion of VVs are 
expected to be more significant in DTC strategies. 
Experimental results validate the proposed VVs and confirm 
the expectations through a detailed performance comparison of 
standard, 2-VV and 4-VV approaches for DTC and MPC 
strategies. 
Index Terms – Induction machine, model predictive control, 
direct torque control, virtual voltage vector. 
I. INTRODUCTION 
ultiphase drives are drawing much attention in 
recent times both in academic and industrial 
circles. The additional degrees of freedom, which 
do not exist in conventional three-phase systems, provide 
them with a certain degree of fault tolerance [1]-[3]. This is 
an attractive feature in applications where safety is 
considered a critical factor, as in the case of “more-electric” 
aircraft, electric vehicles or electric ship propulsion [4]-[12]. 
While the use of the extra current components has been 
studied for a  long time, some  novel  advantages of  the 𝑥-𝑦  
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current injection have been recently explored [13]. The 
voltage balancing of series-connected voltage source 
converters (VSCs) for wind energy applications [14], the 
unequal power distribution in multi three-phase energy 
conversion systems for microgrids [15], or the use of 
enhanced integrated on-board battery chargers for electric 
vehicles [16] can be cited as some examples of the innovative 
uses of the 𝑥-𝑦 currents. 
However, standard control techniques for three-phase 
systems cannot regulate 𝑥-𝑦 currents and consequently these 
appealing features come with a price: it becomes mandatory 
to design more complex control strategies that properly 
perform the 𝑥-𝑦 current control. When using an indirect rotor 
field-oriented control (IRFOC) strategy the solution is 
relatively straightforward. It is enough to extend the use of 
proportional-integral (PI) controllers to regulate the 
secondary currents to track their zero reference values [17]-
[19]. Since FOC-based control schemes use a pulse width 
modulation (PWM) stage for the control action, the 
simultaneous regulation of fundamental and secondary 
planes is feasible. On the contrary, those control schemes 
that rely on the application of a single switching state during 
the whole sampling period (e.g. DTC and FCS-MPC) cannot 
regulate all voltage components at the same time [20].  
In the case of DTC, the use of look-up tables that regulate 
the flux and torque fully disregard the 𝑥-𝑦 components and 
consequently the control of the secondary currents is simply 
non-existent. This typically leads to high 𝑥-𝑦 currents due to 
the low impedance of the 𝑥-𝑦 subspace (stator resistance and 
leakage inductance in distributed-winding machines). Even 
though the speed regulation can be satisfactorily achieved, 
the power quality and efficiency are dramatically reduced 
and the final performance is poor. The case of MPC is 
slightly different compared to DTC because it is possible to 
include a weighting factor in the cost function to take into 
account the 𝑥-𝑦 current production. Unfortunately, this 
consideration does not change the fact that a single switching 
state has a fixed voltage contribution in the different planes. 
Consequently, any attempt to minimize the 𝑥-𝑦 currents 
highly disturbs the dynamics of the drive and eventually 
leads to instability. 
As a solution to this problem, the concept of virtual vectors 
(VVs) was introduced in [21]. The newly defined VVs, 
originally applicable to the DTC strategy for five-phase 
drives, allow the application of two voltage vectors per 
sampling period. The formation of the virtual vectors is done 
offline and the aim is to maximize the 𝛼-𝛽 currents (torque 
and flux producing components) and minimize the 𝑥-𝑦 
currents (stator copper loss producing components). This 
M 
2 
 
concept has been used to control five-phase induction 
machines [21]-[23], six-phase induction machines [24]-[28] 
and six-phase permanent-magnet machines [29]-[30]. The 
application of VVs was subsequently also extended to MPC-
based strategies for five-phase permanent-magnet and six-
phase induction machines [31] - [32]. 
Up to now, the regulation of secondary currents when 
MPC and DTC strategies are used has only been achieved in 
systems where only one 𝑥-𝑦 subspace exists. However, in 
systems with a number of phases greater than six, new 
secondary subspaces appear and, consequently, the creation 
of VVs becomes more complex. Taking into account that 
different intrinsic applications of 𝑛-phase drives have been 
industrially implemented using multiple sets of three-phase 
windings (𝑛 = 3𝑘, with 𝑘 = 3, 4, 5 [20]), it is timely to 
extend the use of VVs to higher-order multiphase machines. 
Specifically, this work focuses on nine-phase induction 
motor drives with three isolated neutral points and explores 
the possibility to create VVs that can be used together with 
DTC or MPC approaches.  
Aiming to make a complete analysis, the study has been 
structured in three unique steps that provide the following 
contributions: 
 C1: As a first step, the use of virtual vectors based on 
four switching states is examined (termed 4-VV in what 
follows). By properly selecting the four switching states 
that are combined within the VV, it is possible to 
achieve a zero contribution in all secondary planes. It 
must be noted however that producing zero 𝑥-𝑦 voltages 
comes at the expense of a higher effective switching 
frequency. 
 C2: As a second step, the creation of VVs from two 
different switching states is explored (termed 2-VV in 
what follows). Contrary to the 4-VV approach, the lower 
number of voltage vectors of 4-VV allows obtaining 
only a low voltage contribution in the 𝑥1-𝑦1 and 𝑥2-𝑦2 
secondary planes. The 𝑥1-𝑦1 and 𝑥2-𝑦2 voltages cannot 
be fully nullified as in the case of six-phase drives [32].  
 C3: As a final step, the 4-VV and 2-VV are used 
together with DTC and MPC approaches. The 
experimental results compare: i) the different 
performances obtained using standard and virtual 
voltages vectors and ii) the different sensitivity of DTC 
and MPC to the use of VVs. While it is expected that i) 
will determine the degree of improvement that can be 
achieved using VVs, the conclusions from ii) will 
establish whether the use of VVs is mandatory or 
optional for DTC and MPC. 
The paper is structured as follows. In Section II the 
construction of 4-VV and 2-VV for a nine-phase induction 
machine is presented. Sections III and IV describe the VV-
based MPC and DTC control strategies, respectively. Section 
V includes the experimental tests for standard and VV-based 
DTC and MPC, while the conclusions are finally 
summarized in Section VI. 
 
II. VIRTUAL VOLTAGE VECTORS IN NINE-PHASE 
SYSTEMS 
A. Generalities of nine-phase systems 
The electric drive considered in this paper consists of an 
asymmetrical nine-phase induction machine with distributed 
windings. It is composed of three sets of three-phase 
windings termed 𝑎1𝑏1𝑐1, 𝑎2𝑏2𝑐2 and 𝑎3𝑏3𝑐3, spatially 
shifted 20º and with three isolated neutrals. This machine is 
supplied by a nine-leg two-level voltage source converter 
(VSC) connected to a single dc-link (Fig. 1). 
Even though the nine-dimensional system can be 
mathematically described in phase variables, a better insight 
can be obtained using the vector space decomposition (VSD) 
into orthogonal subspaces [33]. In machines with distributed 
windings and negligible spatial harmonics, as in this study, 
only the fundamental subspace (𝛼-𝛽) produces torque and 
flux, whereas the secondary components, mapped in the 𝑥1-
𝑦1 and 𝑥2-𝑦2 subspaces, only produce additional stator 
copper losses. The VSD also provides the zero sequence 
components (𝑧1-𝑧2-𝑧3), but they are omitted from the 
analysis because the neutrals are isolated and consequently 
zero-sequence currents cannot flow. The VSD is performed 
using the generalized Clarke transformation, that in its 
amplitude invariant version can be expressed as: 
[𝑇] =
2
9
∙
[
 
 
 
 
 
 
 
 
 
1 c(𝜃) c(2𝜃) c(6𝜃) c(7𝜃) c(8𝜃) c(12𝜃) c(13𝜃) c(14𝜃)
0 s(𝜃) s(2𝜃) s(6𝜃) s(7𝜃) s(8𝜃) s(12𝜃) s(13𝜃) s(14𝜃)
1 c(5𝜃) c(10𝜃) c(30𝜃) c(35𝜃) c(40𝜃) c(60𝜃) c(65𝜃) c(70𝜃)
0 s(5𝜃) s(10𝜃) s(30𝜃) s(35𝜃) s(40𝜃) s(60𝜃) s(65𝜃) s(70𝜃)
1 c(7𝜃) c(14𝜃) c(42𝜃) c(49𝜃) c(56𝜃) c(84𝜃) c(91𝜃) c(98𝜃)
0 s(7𝜃) s(14𝜃) s(42𝜃) s(49𝜃) s(56𝜃) s(84𝜃) s(91𝜃) s(98𝜃)
1 3⁄ 0 0 1 3⁄ 0 0 1 3⁄ 0 0
0 1 3⁄ 0 0 1 3⁄ 0 0 1 3⁄ 0
0 0 1 3⁄ 0 0 1 3⁄ 0 0 1 3⁄ ]
 
 
 
 
 
 
 
 
 
 
 
[𝛼 𝛽 𝑥1 𝑦1 𝑥2 𝑦2 𝑧1 𝑧2 𝑧3]
𝑇 = [𝑇] ∙ [𝑎1 𝑎2 𝑎3 𝑏1 𝑏2 𝑏3 𝑐1 𝑐2 𝑐3]
𝑇 
(1) 
where 𝜃 = 𝜋 9⁄  is the phase shift angle and 𝑐 and 𝑠 denote 
cosine and sine, respectively. 
The phase voltages [𝑣𝑘] are obtained from the dc-link 
voltage 𝑉𝑑𝑐  and the switching function of the converter states 
[𝑆𝑘] as:  
[𝑣𝑘]
𝑇 =
𝑉𝑑𝑐
3
[
 
 
 
 
 
 
 
 
2 0 0 −1 0 0 −1 0 0
0 2 0 0 −1 0 0 −1 0
0 0 2 0 0 −1 0 0 −1
−1 0 0 2 0 0 −1 0 0
0 −1 0 0 2 0 0 −1 0
0 0 −1 0 0 2 0 0 −1
−1 0 0 −1 0 0 2 0 0
0 −1 0 0 −1 0 0 2 0
0 0 −1 0 0 −1 0 0 2 ]
 
 
 
 
 
 
 
 
[𝑆𝑘]
𝑇 (2) 
where 𝑘 = 𝑎1, 𝑎2, 𝑎3, 𝑏1, 𝑏2, 𝑏3, 𝑐1, 𝑐2, 𝑐3 and 𝑆𝑘 = 1 if the 
upper switch of leg 𝑘 is closed, 𝑆𝑘 = 0 otherwise. 
 
 
Fig. 1. Nine-phase induction machine supplied by a two-level nine-leg VSC 
connected to a single dc-link. 
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As the number of phases increases, so does the number of 
possible switching states of the converter. In the case of a 
two-level nine-phase converter, there are 29 = 512 possible 
switching states. Making use of Clarke’s transformation 
from (1), each of these possible switching states is mapped 
in all system subspaces (Fig. 2). 
The aim is to maximize the 𝛼-𝛽 and to minimize the 𝑥1-𝑦1 
and 𝑥2-𝑦2 voltage production in order to obtain desired flux 
and torque with minimum copper losses. However, a single 
switching state cannot simultaneously achieve both 
requirements. The best option is to select large vectors in the 
𝛼-𝛽 plane (orange diamonds in Fig. 2a) because they are 
mapped as small vectors in the 𝑥1-𝑦1 and 𝑥2-𝑦2 planes (Figs. 
2b-2c). Nevertheless, it can be observed that the contribution 
is still significant in the secondary planes and this may lead 
to high circulating currents when the value of the stator 
leakage inductance is low.  
Aiming to solve this problem, recent research has 
suggested the use of the so-called virtual voltage vectors 
(VVs) [21]-[23], [28] and [31]-[32]. The main idea is to 
combine several switching states with such a fixed 
application time proportion that the average voltage 
production in the 𝑥-𝑦 plane(s) is zero. This procedure ideally 
leads to zero average 𝑥-𝑦 currents, allowing the flux and 
torque regulation with enhanced efficiency. Considering the 
six-phase system as a case example, large vectors that are 
aligned in the 𝛼-𝛽 plane happen to be mapped in opposite 
directions in the 𝑥-𝑦 plane. As a consequence, the use of only 
two voltage vectors per each sampling period suffices to zero 
the 𝑥-𝑦 voltage production with high 𝛼-𝛽 contribution [21]. 
A similar concept has also been used in five and six-phase 
machines for the MPC, [31]-[32], and DTC, [21]-[30], 
strategies. 
While five- and six-phase systems only have one 𝑥-𝑦 
plane, the nine-phase ones have at least two secondary planes 
(𝑥1-𝑦1 and 𝑥2-𝑦2, when neutrals are isolated). Due to both 
the appearance of additional voltage vectors and new 
subspaces, the complexity of nine-phase systems becomes 
higher and, consequently, the concept of virtual vectors 
needs to be revisited.   
First of all, it must be analyzed which vectors contribute 
most to the voltage production in the 𝛼-𝛽 plane while 
producing less losses in the 𝑥1-𝑦1 and 𝑥2-𝑦2 subspaces. This 
is quantified by an 𝛼-𝛽 voltage generation ratio in relation to 
𝑥1-𝑦1 and 𝑥2-𝑦2 voltages: 
𝑅𝛼𝛽 =
|𝑣𝛼𝛽|
√|𝑣𝑥1𝑦1|
2
+ |𝑣𝑥2𝑦2|
2
 
(3) 
where |𝑣𝛼𝛽|, |𝑣𝑥1𝑦1|and |𝑣𝑥2𝑦2| denote the modulus of the 
voltage vectors in different VSD subspaces. In order to ease 
the identification of switching states with the best ratio, 
voltage vectors have been classified in ten octadecagons 
labelled from 𝑂1  to 𝑂10 in descending order of |𝑣𝛼𝛽|. The 
amplitudes of the octadecagons in different subspaces and 
the 𝛼-𝛽 ratio of voltage generation are summarized in Table 
I. 
There is no doubt that 𝑂1  has the best conditions with 
regard to 𝛼-𝛽 production and minimization of 𝑥1-𝑦1 and 𝑥2-
𝑦2 voltages, since the ratio is 𝑅𝛼𝛽 = 3.3. Considering this 
ratio as 100%, 𝑂2  presents the next highest 𝛼-𝛽 production, 
and so on. In the present study, the voltage vectors included 
in 𝑂1  (orange diamonds in Fig. 2) and 𝑂2 (red squares in Fig. 
2) have been considered for the formation of virtual vectors. 
B. Virtual voltage vectors using four switching states (4-VV) 
It is clear from the analysis in section II.A that the use of 
the voltage vectors obtained by applying a single switching 
state cannot fulfil the requirements of the secondary planes 
(𝑥1-𝑦1 and 𝑥2-𝑦2). Following the idea of [21], this section 
explores the possibility to create virtual voltage vectors 
(VVs) with multiple switching states in order to nullify the 
average voltage production in the 𝑥1-𝑦1 and 𝑥2-𝑦2 planes. 
The procedure to create the VVs involves three steps: 
i) Determination of how many switching states are 
necessary. 
While in six-phase drives there is a single 𝑥-𝑦 plane and 
it is sufficient to use two switching states for this purpose, it 
can be intuitively assumed that the nine-phase machine 
requires four switching states, one per each 𝑥-𝑦 component, 
to fully cancel the average voltage production in 𝑥1-𝑦1 and 
𝑥2-𝑦2 planes. 
ii) Definition of switching states that will be used in 
each sector. 
In order to create symmetrical VVs that sweep the whole 
𝛼-𝛽 plane, the selection of the switching states can be done 
on the basis of the 18 sectors that are formed by the 
octadecagons  𝑂1  to 𝑂10 . Taking as a criterion for the vector 
selection the maximization of the 𝛼-𝛽 voltage production 
and the minimization of  𝑥1-𝑦1 and 𝑥2-𝑦2 voltages, two 
 
 
   
Fig. 2. Voltage vectors selected for the formation of virtual vectors and their projections in 𝛼-𝛽, 𝑥1-𝑦1  and 𝑥2-𝑦2 subspaces. 
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consecutive pairs from 𝑂1  and 𝑂2  are selected (Fig. 3, left 
plots). For the sake of example, in sector 1 the first VV is 
formed from voltage vectors 𝑣1 = 𝑉450 of 𝑂1  (cyan trace), 
𝑣2 = 𝑉451 of 𝑂2  (yellow trace), 𝑣3 = 𝑉449 of 𝑂1  (orange 
trace) and 𝑣4 = 𝑉482  of 𝑂2  (green trace). It can be noted that, 
apart from having a favourable individual value of 𝑅𝛼𝛽  (see 
Table I), the four selected vectors have a good spatial 
disposition because they are mostly aligned in the 𝛼-𝛽 plane 
(see Fig. 3a, left plot) and have opposite directions in the 𝑥1-
𝑦1 (Fig. 3b, left plot) and 𝑥2-𝑦2 (Fig. 3c, left plot) planes. 
iii) Calculation of the time of application of each 
switching state.  
Once the four vectors per sector have been identified, it is 
time to determine the times of applications of these vectors 
so as to zero the 𝑥-𝑦 voltage production. If 𝑡𝑗  is time of 
application of voltage vector 𝑗 (with 𝑗 ∈ [1,2,3,4]) and 𝑣𝑗
𝑘 is 
the 𝑘 component (𝑘𝜖[𝑥1, 𝑦1, 𝑥2, 𝑦2]) of voltage vector 𝑗, the 
condition of zero average voltage production in the 𝑥1-𝑦1 and 
𝑥2-𝑦2 planes can be mathematically expressed as: 
[
 
 
 
 
𝑣1
𝑥1 𝑣2
𝑥1 𝑣3
𝑥1 𝑣4
𝑥1
𝑣1
𝑦1 𝑣2
𝑦1 𝑣3
𝑦1 𝑣4
𝑦1
𝑣1
𝑥2 𝑣2
𝑥2 𝑣3
𝑥2 𝑣4
𝑥2
𝑣1
𝑦2 𝑣2
𝑦2 𝑣3
𝑦2 𝑣4
𝑦2]
 
 
 
 
∙ [
𝑡1
𝑡2
𝑡3
𝑡4
] = [
0
0
0
0
] (4) 
Since the determinant of (4) is zero, the system of 
equations is undetermined. This means that to nullify the 𝑥1-
𝑦1 and 𝑥2-𝑦2 components it is sufficient to set a certain 
proportion of the times: 
[
𝑣1
𝑥1 𝑣2
𝑥1 𝑣3
𝑥1
𝑣1
𝑦1 𝑣2
𝑦1 𝑣3
𝑦1
𝑣1
𝑥2 𝑣2
𝑥2 𝑣3
𝑥2
] ∙ [
𝑡1 𝑡4⁄
𝑡2 𝑡4⁄
𝑡3 𝑡4⁄
] = [
−𝑣4
𝑥1
−𝑣4
𝑦1
−𝑣4
𝑥2
] (5) 
However, since these times have to be applied within a 
sampling period, the following restriction also has to be 
satisfied: 
𝑡1 + 𝑡2 + 𝑡3 + 𝑡4 = T𝑠 (6) 
where 𝑇𝑠 is the sampling time. Equations (5)-(6) form a 
determined system and it is now possible to calculate the 
times of application 𝑡𝑗 . For sector 1, the solution of (5)-(6) 
provides 𝑡1 = 𝑡3 = 0.3082 ∙ 𝑇𝑠 and 𝑡2 = 𝑡4 = 0.1916 ∙ 𝑇𝑠. 
The left plot in Fig. 3a shows that 𝑉𝑉1  yields a high modulus 
of the 𝛼-𝛽 voltage (specifically 93.9% of the magnitude of 
large vectors in 𝑂1), whereas the vector sum of 𝑣1, 𝑣2, 𝑣3 and 
𝑣4 provides zero average voltage in both 𝑥1-𝑦1 and 𝑥2-𝑦2 
planes (left plots in Fig. 3b and 3c).  
The 29 = 512 switching states are located in 18 different 
sectors where voltage vectors are rotated but equally 
distributed (see Fig. 2). Hence the switching states are 
different in each sector (e.g. in sector II 𝑣1 = 449, 𝑣2 =
482, 𝑣3 = 481 and 𝑣4 = 465), but from symmetry 
considerations the times of application 𝑡1, 𝑡2, 𝑡3 and 𝑡4 
remain the same (i.e. 𝑡1 = 𝑡3 = 0.3082 ∙ 𝑇𝑠 and 𝑡2 = 𝑡4 =
0.1916 ∙ 𝑇𝑠). Following this procedure, it is possible to 
obtain 18 VVs formed by four switching states (one per 
sector) according to: 
𝑉𝑉𝑠(𝑣1, 𝑣2 , 𝑣3, 𝑣4) = 𝑣1 ∙ 𝑡1 + 𝑣2 ∙ 𝑡2 + 𝑣3 ∙ 𝑡3 + 𝑣4 ∙ 𝑡4 (7) 
With the aforementioned selection procedure and using (5)-
(7), it is possible to create the 18 VVs, which are 
symmetrically located in the 𝛼-𝛽 plane and provide high 𝛼-
𝛽 voltage production and zero 𝑥-𝑦 voltage (see Fig. 4, left 
plots). 
C. Virtual voltage vectors using two switching states (2-VV) 
Even though the 4-VVs that have been obtained in section 
II.B exactly cancel the 𝑥1-𝑦1 and 𝑥2-𝑦2 components, the use 
of four switching states increases the effective switching 
frequency of the VSC. It is then prudent to examine if a 
suboptimal solution based on less switching states might be 
good enough in practice. This section explores the possibility 
to create VVs with only two switching states. It is firstly 
noted that the voltage vectors in octadecagons 𝑂1  and 𝑂2  are 
aligned in pairs in the 𝛼-𝛽 plane (Fig. 2, left plot). For the 
sake of example, in sector 1 the voltage vectors 𝑣1 = 𝑉450 of 
𝑂1  and 𝑣2 = 𝑉451 of 𝑂2  are aligned in the 𝛼-𝛽 plane and 
 
TABLE I 
MODULUS OF VOLTAGE VECTORS IN EACH SUBSPACE OF 
VSD, 𝛼-𝛽 RATIO AND PERCENTAGE OF 𝛼-𝛽 CONTRIBUTION 
CONSIDERING THE MAXIMUM 𝛼-𝛽 RATIO AS 100%. ALL 
VALUES GIVEN FOR EACH OCTADECAGON. 
 
Values 𝑶𝟏 𝑶𝟐 𝑶𝟑 𝑶𝟒 𝑶𝟓 𝑶𝟔 𝑶𝟕 𝑶𝟖 𝑶𝟗 𝑶𝟏𝟎 
|𝒗𝜶𝜷| · 𝟏𝟎
𝟐 64 56 42 34 30 22 20 15 12 8 
|𝒗𝒙𝟏𝒚𝟏| · 𝟏𝟎
𝟐 15 20 8 42 56 22 30 12 64 34 
|𝒗𝒙𝟐𝒚𝟐| · 𝟏𝟎
𝟐 12 30 34 8 20 22 56 64 15 42 
𝑹𝜶𝜷 3.3 1.5 1.2 0.8 0.5 0.7 0.3 0.23 0.18 0.15 
% 100 46 36 24 15 21 9 7 5 4 
 
(a) 
  
(b) 
  
(c) 
  
Fig. 3. Construction of 𝑉𝑉1 using 4-VV (left plots) and 2-VV (right plots) 
shown in a) 𝛼-𝛽 subspace, c) 𝑥1-𝑦1  subspace and c) 𝑥2-𝑦2  subspace. 
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might be combined to generate a VV with high 𝛼-𝛽 
magnitude (Fig. 3a, right plot). Fortunately, the selected 
voltage vectors 𝑣1 = 𝑉450 and 𝑣2 = 𝑉451 happen to be in 
opposite directions in both 𝑥1-𝑦1 and 𝑥2-𝑦2 planes. It is thus 
confirmed that 𝑣1 and 𝑣2 have ideal disposition for the 
purpose of VVs, i.e. they maximize 𝛼-𝛽 components while 
minimizing the 𝑥-𝑦  contribution. 
In spite of the good disposition of vectors 𝑣1 and 𝑣2 it is 
not possible to achieve a null average voltage in both 
subspaces. It is then necessary to select one out of three 
possible criteria: i) cancelling the secondary components in 
the 𝑥1-𝑦1 plane, ii) cancelling the secondary components in 
the 𝑥2-𝑦2 plane or iii) minimizing the secondary components 
in both the 𝑥1-𝑦1 and 𝑥2-𝑦2 planes. Since the plane 𝑥1-𝑦1 
contains lower-order harmonics, the first criterion is the 
chosen one in this work to calculate the times of applications 
of voltage vectors 𝑣1 and 𝑣2. Imposing the 𝑥1-𝑦1 voltage 
cancellation and the restriction of the sampling time the 
system of equations is: 
𝑣1
𝑥1 ∙ 𝑡1 + 𝑣2
𝑥1 ∙ 𝑡2 = 0 
𝑣1
𝑦1 ∙ 𝑡1 + 𝑣2
𝑦1 ∙ 𝑡2 = 0 
𝑡1 + 𝑡2 = 𝑇𝑠 
(8) 
As in section II.B, the first two equations are linearly 
dependent and consequently (8) provides an undetermined 
solution. For sector 1, the times of application of voltage 
vectors 𝑣1 = 𝑉450 of 𝑂1  and 𝑣2 = 𝑉451 of 𝑂2  are 𝑡1 = 0.574 ∙
𝑇𝑠 and 𝑡2 = 0.426 ∙ 𝑇𝑠. Once the application times have been 
obtained, it is now possible to generate the virtual vector as: 
𝑉𝑉1(𝑣1, 𝑣2) = 𝑣1 ∙ 𝑡1 + 𝑣2 ∙ 𝑡2 (9) 
The alignment of voltage vectors 𝑣1 and 𝑣2 results in a 
high magnitude of 𝑉𝑉1  in the 𝛼-𝛽 plane (specifically 94.9% 
of the magnitude of large vectors in 𝑂1), as it is shown in Fig. 
3a, right plot. Since the times of application have been set 
according to (8) the average voltage in the 𝑥1-𝑦1 plane is 
exactly zero, whereas in this case the average voltage in the 
𝑥2-𝑦2 plane is non-zero, but low (specifically 9.3% of the 
magnitude of large vectors in 𝑂1). Right plots in Fig. 3b and 
3c show the performance of 2-VVs in the secondary planes, 
where the full cancellation is not fully achieved. By 
extending the procedure to all sectors, it is possible to create 
18 vectors formed by just two switching states (2-VVs) that 
are symmetrically located (see Fig. 4, right plots).  
As a summary, the created 2-VVs have a slightly higher 
magnitude than 4-VV in the 𝛼-𝛽, the same voltage 
production in the 𝑥1-𝑦1 (i.e. zero), and non-zero but low 𝑥2-
𝑦2 voltage production. Since the voltage harmonics mapped 
in the 𝑥2-𝑦2 plane have higher order, the parasitic currents 
will be limited to some extent due to the inductive nature of 
the machine. On the other hand, the 2-VVs are simpler to 
implement and will provide lower switching frequency, as it 
will be experimentally shown in section V. 
Proposed virtual vectors (either 4-VV or 2-VV) can be 
used both in MPC and DTC control strategies. A brief 
description of the control methods that will be later on used 
in the experiments is included next. 
 
III. MODEL PREDICTIVE CONTROL 
Model predictive control is recently a popular strategy for 
the current regulation of multiphase drives. Besides having a 
simple structure and fast dynamic response, new constraints 
can be easily added due to the intrinsic flexibility of the 
control structure. Within the so-called predictive control 
family, the finite-control set version (simply termed MPC for 
simplicity in what follows) has been widely studied in field 
of multiphase drives, [31], [32], [34]. It is also adopted in this 
work to prove the goodness of the VVs proposed in the 
previous section. MPC algorithm takes advantage of the 
limited number of switching states of the converter to 
estimate the future states and select the most suitable control 
output [35]. 
The MPC scheme is shown in Fig. 5. The predictive model 
(a discrete version of the machine model [36]) takes the 
measured currents and mechanical speed as inputs and 
generates a prediction of the VSD currents in the next 
sampling period for each voltage input. While in standard 
MPC the voltage inputs are the switching states of the 
converter, in the current VV-based version of MPC the 
voltage inputs are the averaged values of the VVs (either 4-
VV or 2-VV). Predicted currents are compared to reference 
currents coming from the outer speed loop and flux settings.  
  
        (a) 
  
       (b) 
  
       (c) 
Fig. 4. Mapping of virtual vectors in different subspaces considering 4-VV 
(left plots) and 2-VV (right plots). From top to bottom: a) Virtual vectors in 
𝛼-𝛽 subspace, b) virtual vectors in 𝑥1-𝑦1  subspace and c) virtual vectors in 
𝑥2-𝑦2 subspace. 
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The performance is evaluated with a predefined cost 
function: 
𝐽𝑘 = 𝑒𝛼𝛽 + 𝐾𝑥1𝑦1 ∙ 𝑒𝑥1𝑦1 + 𝐾𝑥2𝑦2 ∙ 𝑒𝑥2𝑦2 
𝑒𝛼𝛽 = (𝑖𝛼
∗ − ?̂?𝛼)
2 + (𝑖𝛽
∗ − ?̂?𝛽)
2
 
𝑒𝑥1𝑦1 = (𝑖𝑥1
∗ − ?̂?𝑥1)
2
+ (𝑖𝑦1
∗ − ?̂?𝑦1)
2
 
𝑒𝑥2𝑦2 = (𝑖𝑥2
∗ − ?̂?𝑥2)
2
+ (𝑖𝑦2
∗ − ?̂?𝑦2)
2
 
(10) 
where 𝑘 is one of the 19 possible switching states (18 active 
vectors from octadecagon 𝑂1 plus the zero vector) in 
standard MPC or one of the 19 VVs (18 active VVs plus the 
zero vector) in the VV-based version of MPC. 𝐾𝑥𝑗𝑦𝑗  
coefficients are the weighting factors for the regulation of the 
secondary plane components. They are experimentally tuned 
by trial and error procedure using the criterion to keep 𝑥1-𝑦1 
and 𝑥2-𝑦2 currents around zero with low current ripple and, 
at the same time, avoid any significant disturbance in the 𝛼-
𝛽 plane that could affect the flux/torque production [32].  
IV. DIRECT TORQUE CONTROL 
Direct torque control strategy is also a widely used control 
strategy to regulate the speed of electric machines. This 
strategy also lacks a modulation stage and it is remarkable 
for its simplicity and robustness. The torque and the flux are 
the control variables, which are controlled independently 
with fast dynamics. 
To implement DTC, the first step is to estimate the torque 
and flux of the machine. This is accomplished here using the 
measured phase currents and mechanical speed (see Fig. 6). 
As in MPC, the estimation is done with a discrete time model 
of the machine [36]. The only difference is that while in the 
DTC it is simply necessary to estimate the 𝛼-𝛽 rotor flux, 
MPC also requires the estimation of the 𝛼-𝛽 rotor currents. 
Next, after comparing the estimated control variables with 
their references, two hysteresis controllers are used, one with 
five levels for the torque regulation and another one with two 
levels for the flux control. The bandwidths of the controllers 
are defined taking into account the magnitudes of the 
variables to be controlled. This, together with the 
identification of the sector where flux is located, will 
determine the optimal selection of the switching states of the 
converter.  
It must be noted that, as mentioned previously, in order to 
achieve a correct regulation of the secondary currents, the 
virtual voltage vectors will be used. These are selected in the 
look-up table once the control action is decided. 
V. RESULTS 
A. Test bench 
The test bench shown in Fig. 7 has been used to make a 
series of experimental tests. It consists of a nine-phase 
induction machine which has been rewound to obtain an 
asymmetrical nine-phase winding. This machine is driven by 
two custom-made converters (based on Infineon 
FS50R12KE3 IGBT modules) connected to a dc source 
(PAS2500 linear amplifier) provided by Spitzenberger & 
Spies. On the other hand, the nine-phase induction machine 
is mechanically coupled to a dc machine by the Magtrol TM 
210 torque meter. To operate as a generator, the dc machine 
is connected to a passive load. To the contrary, if the 
desirable operating mode is as a motor, the dc machine is 
supplied by the Sorensen SGI600/25 power supply system. 
Finally, the proposed control method is programmed using a 
dSPACE platform, which also carries out the measurements 
of the control variables. The phase currents are measured by 
converters’ internal LEM sensors and acquired by a ADC 
board, while the speed and position are provided by an 
incremental encoder board which captures signals and is 
mounted on the shaft of the nine-phase machine. The motor 
parameters are shown in Table II. 
 
 
Fig. 5. FCS-MPC scheme with VVs for an asymmetrical nine-phase induction machine. 
 
Fig. 6. DTC scheme with VVs for an asymmetrical nine-phase induction machine. 
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B. Experimental results 
This section includes steady state (tests 1-2) and dynamic 
(tests 3-4) experimental results obtained with the MPC and 
DTC. Test 1 verifies the steady state performance of standard 
MPC, 2-VV MPC and 4-VV MPC (Fig. 8). In this test the 
machine rotates at 1000 rpm with a load torque of 
−2.4 Nm (see Fig 8h), a dc-link voltage of 500 V and a 𝑑-
current reference of 1.9 A. It can be observed that all three 
approaches satisfactorily regulate the motor speed (Fig. 8a) 
with minimum differences in the 𝑑-𝑞 current tracking (Fig. 
8b and 8c). The appearance of 𝑥1-𝑦1 and 𝑥2-𝑦2 currents is 
very similar with the use of VVs (Fig. 8d and 8e), and the 
differences are not remarkable. Two reasons explain this 
fact: 
 The stator leakage inductance is relatively high. While 
in [28] the ratio 100 ∙ 𝐿𝑙𝑠 𝐿𝑚 =⁄ 0.36%, in this 
experimental rig it is approximately ten times higher 
(100 ∙ 𝐿𝑙𝑠 𝐿𝑚 =⁄ 4.6%). The higher value of the stator 
leakage inductance limits to some extent the magnitude 
of 𝑥-𝑦 currents when 𝑥-𝑦 voltages are non-zero.  
 The MPC strategy indirectly regulates the 𝑥-𝑦 currents 
by means of the cost function. If the weighting factors 
of the cost function in (10) are set to high values (they 
have been set to 𝐾𝑥𝑦1 = 𝐾𝑥𝑦2 = 1 in standard MPC and 
2-VV MPC), then the predictive algorithm will also 
account for the 𝑥1-𝑦1 and 𝑥2-𝑦2 currents and 
consequently reduce the amount of secondary currents. 
Only in the case of 4-VV MPC the weighting factors 
have been selected with a zero value (since all 4-VVs 
provide the zero voltages in the x-y planes). 
The phase currents are finally depicted in Fig. 8f, showing 
a limited improvement of 2-VV and 4-VV over standard 
MPC. For the sake of quantification, the THD of MPC, 2-
VV MPC and 4-VV MPC is 42.29%, 32.83%, and 31.22%, 
respectively. The main conclusion of test 1 is that VV-based 
methods have a limited capability to improve the current 
quality in this specific experimental setting. Considering that 
the switching frequency using VVs is higher (3800 Hz for 2-
VV MPC, 4767 Hz for 4-VV MPC and 3070 Hz for MPC), 
it follows that the use of 2-VV and 4-VV does not 
outperform standard MPC when the stator leakage 
inductance is relatively high. 
Test 2 examines the steady state performance of standard 
DTC, 2-VV DTC and 4-VV DTC (Fig. 9). Table III shows 
the gains of the regulators in these three versions of DTC. In 
this test the machine rotates at 1000 rpm with a load torque 
of 4  Nm, a dc-link voltage of 300 V  and a stator flux 
reference equal to 0.988 Wb (rated flux). It can be observed 
that the three methods can satisfactorily regulate the motor 
speed (Fig. 9a) with similar flux and torque tracking 
capability (Fig. 9b and 9c). In the same way, the 𝛼-𝛽 currents 
also remain similar in the three methods under comparison 
(Fig. 9f) because there are no significant differences in the 
current control of the 𝛼-𝛽 plane. Nevertheless, the DTC 
strategy completely disregards the 𝑥-𝑦 planes and this leaves 
the 𝑥1-𝑦1 and 𝑥2-𝑦2 currents uncontrolled. This is noticeable 
TABLE II 
PARAMETERS USED FOR THE ASYMMETRICAL NINE-PHASE 
INDUCTION MACHINE 
Parameters Values Units 
Stator resistances, 𝑅𝑠𝛼𝛽 , 𝑅𝑠𝑥1𝑦1 and 𝑅𝑠𝑥2𝑦2  5.3 Ω 
Rotor resistance, Rr 2.0 Ω 
Stator leakage inductances, 𝐿𝑙𝑠𝛼𝛽 , 𝐿𝑙𝑠𝑥1𝑦1and 
𝐿𝑙𝑠𝑥2𝑦2  
24.0 mH 
Rotor leakage inductance, Llr 11.0 mH 
Mutual inductance, Lm 520.0 mH 
Number of pole pairs, p 1 – 
Number of neutral points, n 3 – 
Rated current, In 2.5 A 
Stator rated flux, λs* 0.988 Wb 
Rated torque, Tn 7 N·m 
Sampling frequency, fm 10 kHz 
 
 
Fig. 7. Test bench. 
TABLE III 
GAINS OF THE REGULATORS (PI AND HYSTERESIS BANDS) FOR 
MPC AND DTC 
MPC and DTC controllers 
𝑃𝐼𝜔 𝐻𝐵 
𝐾𝑝  3 
𝐻𝑇𝑒1 0.1 
𝐻𝑇𝑒2 0.2 
𝐾𝑖  30 𝐻𝜆𝑠 0.01 
in the left plot of Figs. 8d and 8e, where high current ripples 
exist, even though the impedance in the 𝑥-𝑦 planes is 
relatively high. To the contrary, the use of 2-VV and 4-VV 
highly restricts the ripple magnitude of 𝑥1-𝑦1 and 𝑥2-𝑦2 
currents (Fig. 9d and 9e, middle and right plots) because the 
VVs indirectly regulate the 𝑥-𝑦 currents in an open-loop 
mode by having a zero 𝑥-𝑦 voltage production. The lack 
of 𝑥-𝑦 control in standard DTC and the high 𝑥-𝑦 current 
ripple lead to poor phase current waveforms (Fig. 9g, left 
plots) that will generate additional copper losses and 
consequently lower efficiency. It is found however that the 
use of 2-VV and 4-VV DTC significantly improves the 
waveforms of phase currents (Fig. 9g, middle and right 
plots). 
Aiming to further quantify the improvement in the phase 
current quality, the rms value, THD and spectrum of the 
phase currents shown in Fig. 9g are calculated next. While 
the THD in DTC is 98.4%, this value is reduced to 30.96% 
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a) 
   
b) 
   
c) 
   
d) 
   
e) 
   
f) 
   
g)  
   
h) 
   
Fig. 8. Steady state test for the standard FCS-MPC (left plots), FCS-MPC with 2-VV (middle plots) and FCS-MPC with 4-VV (right plots). From top to 
bottom: a) motor speed, b) 𝑑-currents, c) 𝑞-currents, d) 𝑥1-𝑦1  currents, e) 𝑥2-𝑦2  currents, f) 𝛼-𝛽 currents, g) 𝑎1𝑏1𝑐1 phase currents and h) measured torque.  
and 30.82% in 2-VV and 4-VV DTC, respectively. In the 
spectrum shown in the left plot of Fig. 10 it can be observed 
that DTC has a high amount of the 5𝑡ℎ  and 7𝑡ℎ harmonics, 
this being precisely those harmonics mapped in the 𝑥-𝑦 
planes (5𝑡ℎ is mapped in 𝑥1-𝑦1 whereas 7
𝑡ℎ is mapped into 
𝑥2-𝑦2). It is thus confirmed that the highly distorted phase 
current waveform of Fig. 9g is caused by the current 
harmonics mapped in the 𝑥-𝑦 planes. The current harmonics 
are however well limited with the use of VVs, as it is shown 
in the middle and right plots of Fig. 10 (the 5𝑡ℎ is reduced by 
71.36% and 51.64% and the 7𝑡ℎ is reduced by 83.39% and 
82.23% with 2-VV and 4-VV DTC, respectively). 
Finally, the rms value of the phase current is 1.85 A, 
1.56 A and 1.58 A for standard DTC, 2-VV and 4-VV DTC, 
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a) 
   
b) 
   
c) 
   
d) 
   
e) 
   
f) 
   
g)  
   
Fig. 9. Steady state test for the standard DTC (left plots), DTC with 2-VV (middle plots) and DTC with 4-VV (right plots). From top to bottom: a) motor 
speed, b) electromagnetic torque, c) modulus of the 𝛼-𝛽 stator flux, d) 𝑥1-𝑦1  currents, e) 𝑥2-𝑦2 currents, f) 𝛼-𝛽 currents and g) 𝑎1𝑏1𝑐1 phase currents. 
leading to a reduction of the stator copper losses by 28.9% 
and 27.5% when using 2-VV and 4-VV, compared to 
standard DTC. The current quality improvement comes at 
the price of increasing the switching frequency in 2-VV DTC 
(3712 Hz) and 4-VV DTC (4559 Hz). 
Some conclusions can be extracted from tests 1 and 2: 
 The use of VVs together with MPC is only worthy if the 
impedance of the 𝑥-𝑦 planes is low enough to generate 
a significant amount of 𝑥-𝑦 currents. Otherwise, it is 
simpler and beneficial to use standard MPC. 
 Unlike MPC, standard DTC does not present favorable 
operating conditions due to its inability to regulate the 
𝑥1-𝑦1 and 𝑥2-𝑦2 currents. In spite of the relatively high 
𝑥-𝑦 impedance, the highly distorted phase currents lead 
to unacceptable values of the current THD and lower 
overall efficiency. 
 The use of VVs together with DTC allows preserving 
the satisfactory flux and torque control while keeping 𝑥-
𝑦 currents low. The current THD and stator copper 
losses can be reduced by around 70% and 30%, 
respectively. 
 The use of 4-VV and 2-VV bring similar performance 
in practice in spite of the non-zero voltage production in 
the 𝑥2-𝑦2 plane of the latter. Since 2-VV is simpler to 
implement in practice and provides lower switching 
frequency, it is a preferred solution compared to the use 
of 4-VV. 
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a) 
 
  
b) 
  
 
Fig. 10. Analysis of the current quality in steady state for the standard DTC (left plots), DTC with 2-VV (middle plots) and DTC with 4-VV (right plots). 
From top to bottom: a) frequency spectrum of the 𝑎1 phase current and b) harmonics of the 𝑎1 phase current. 
 It is advisable to use 2-VV together with DTC in all 
cases whereas it is interesting to use 2-VV together with 
MPC only when the impedance of the 𝑥-𝑦 plane is low 
enough to distort the current significantly [32]. 
Since the steady-state performance has been analyzed in 
tests 1 and 2, the dynamic performance of 2-VV and 4-VV 
using MPC and DTC is evaluated next.  
Tests 3 and 4 use a speed ramp as the reference and include 
2VV-based MPC and DTC, respectively (see Figs. 11 and 
12). In test 3 the dc-link voltage and 𝑑-current reference are 
set to 500 V and 1.9 A, respectively. The speed reference is 
ramped from 500 rpm to 1500 rpm in generating mode 
with a load torque of -5 Nm. Fig. 11g shows the evolution of 
the measured torque in test 3, where the machine is operating 
in generating mode. The speed regulation during the 
transient is satisfactory (Fig. 11a), the 𝑑-current is properly 
tracked and unaffected by the dynamic condition (Fig. 11b) 
and the 𝑞-current is correctly tracked during the acceleration 
and deceleration transients (Fig. 11c). The 𝑥1-𝑦1 and 𝑥2-𝑦2 
currents are kept low and with constant ripple regardless of 
the variable torque and flux conditions (Figs. 11d and 11e). 
The 𝛼-𝛽 currents depicted in Fig. 11f have the expected 
standard waveform with increasing frequency as the motor 
accelerates. Summarizing, test 3 results confirm the ability 
of 2-VV MPC to handle dynamic conditions and retain good 
and decoupled 𝑥-𝑦 current control. 
In test 4 (see Fig. 12) the dc-link voltage is set to 300 V 
and the stator flux is equal to its rated value of 0.988 Wb. 
Here there is a reference speed change from 500 rpm to 
1250 rpm in generating mode with a load torque of -4 Nm. 
The speed and torque (Figs. 12a and 12b) track their 
respective references properly and the flux is well regulated 
to its rated value (Fig. 12c). Referring to the 𝑥1-𝑦1 and 𝑥2-𝑦2 
currents (Fig. 12d and 12e), whose magnitudes are also not 
affected by the speed increase. As for the 𝛼-𝛽 currents (Fig. 
12f), the acceleration of the machine is reflected in their 
frequencies.  
The main conclusion after the dynamic test for MPC (test 
3) and DTC (test 4) is that the control methods based on 2-
VV retain a satisfactory performance during transients with 
decoupled 𝑥1-𝑦1 and 𝑥2-𝑦2 currents. The use of 2-VV MPC 
and DTC ensures good dynamics with simpler 
implementation and lower switching frequency. 
VI. CONCLUSIONS 
Control strategies without a modulation stage (e.g. MPC 
and DTC) cannot ensure zero voltage production in the 
secondary planes (𝑥1-𝑦1 and 𝑥2-𝑦2 subspaces). If the leakage 
inductance in those planes is high enough, the application of 
a finite-control set MPC is a feasible option since the 𝑥1-𝑦1 
and 𝑥2-𝑦2 can be reasonably limited. The MPC indirectly 
regulates the secondary planes by including 𝑥1-𝑦1 and 𝑥2-𝑦2 
terms in the cost function that allow an acceptable 
performance. However, the DTC strategy does not take into 
account the 𝑥1-𝑦1 and 𝑥2-𝑦2 subspaces, and this results in an 
unacceptable phase current ripple that leads to poor 
efficiency and high THD. 
In order to overcome the limitations of DTC (in all cases) 
and MPC (when the leakage inductance is low), virtual 
vectors (VVs) are used to regulate in an open-loop mode the 
𝑥1-𝑦1 and 𝑥2-𝑦2 voltages and this keeps the 𝑥1-𝑦1 and 𝑥2-𝑦2 
current ripple at low values. Nullifying both 𝑥1-𝑦1 and 𝑥2-𝑦2 
voltages requires the use of four switching states during the 
sampling period, but it is possible to cancel the 𝑥1-𝑦1 voltage 
and keep the 𝑥2-𝑦2 voltage at very low values just by 
applying two switching states. The 2-VV strategy provides a 
similar performance as 4-VV, but with simpler 
implementation and lower switching frequency. 
Compared to standard DTC, the proposed 2-VV DTC 
reduces the 5𝑡ℎ current harmonics by 71.36% and the 7𝑡ℎ 
current harmonic by 83.39%, which in turn makes the 
current THD 70% lower and the stator copper losses 30% 
lower. At the same time the good dynamic performance is 
preserved with good decoupling and low ripple of the the 𝑥1-
𝑦1 and 𝑥2-𝑦2 currents.  
The theoretical contributions of this work confirm that it 
is possible to create optimal (4-VV) and suboptimal (2-VV) 
virtual vectors that can be applied either with MPC or DTC 
strategies, and the experimental validation highlights the 
improvements in terms of power quality and efficiency that 
can be obtained in DTC. The concept is also applicable to 
MPC, but its practical benefits are limited to nine-phase 
machines with low impedance in the secondary planes. 
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a) 
 
b) 
 
c) 
 
d) 
 
e) 
 
f) 
 
g) 
 
Fig. 11. Dynamic test with a ramped speed reference for the FCS-MPC with 2-VV. From top to bottom and from left to right: a) Motor speed, b) 𝑑-currents, 
c) 𝑞-currents, d) 𝑥1-𝑦1  currents, e) 𝑥2-𝑦2 currents, f) 𝛼-𝛽 currents and g) measured torque. 
a) 
 
b) 
 
c) 
 
d) 
 
e) 
 
f) 
 
Fig. 12. Dynamic test with a speed ramp reference for the DTC with 2-VV. From top to bottom and from left to right: a) motor speed, b) electromagnetic 
torque, c) modulus of the 𝛼-𝛽 stator flux, d) 𝑥1-𝑦1  currents, e) 𝑥2-𝑦2  currents and f) 𝛼-𝛽 currents.  
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